This paper provides a 3D ultrasound navigation system with a blood vessel network (BVN) reconstruction algorithm for microbubble delivery therapy, which manipulates microbubbles in blood vessel by acoustic radiation force of ultrasound, aiming to increase the efficiency of high-intensity focused ultrasound (HIFU) and realize acoustic drug/gene delivery. To apply the technique in vivo, reconstruction of the BVN from 3D volume, such as bifurcation positions and flow direction, and visualization of the relative positions of the BVN and ultrasound field for microbubble manipulation are required. To address these issues, we have developed a 3D ultrasound navigation system to guide microbubbles in blood vessel. The novel navigation system consists of an ultrasound imaging device with a 2D array probe, an optical tracking device, a focused ultrasound transducer, and a Windows workstation with in-house navigation software. The system visualizes three-dimensionally both the BVN and the focal position of the transducer. When a 3D volume is acquired by an imaging device, the volume is automatically sent to the navigation system. Then, the system visualizes the volume and its bifurcations, which are estimated by 3D thinning processing. In this study, we examined the feasibility of the system by evaluating the guidance accuracy and microbubble induction rate. From the results, we confirm that microbubbles can be navigated by the system.
Introduction
Microbubbles are widely used as an echo contrast agent in ultrasound imaging to visualize blood vessel or flow velocity. On the other hand, microbubbles are also used for therapeutic purpose. For example, high-intensity focused ultrasound (HIFU) ablation is a minimally invasive therapy, but HIFU has very low efficient. Heat efficiency of HIFU can be increased by microbubbles because of their heat amplificationz1, 2|. Another example is targeted gene or drug delivery. Microbubbles can be used as a carrier of gene or drug, which is activated around a target area by sonoporationz3-5|. However, the efficacy of these techniques is still limited because the microbubbles emitted diffuse throughout the whole body. To address this issue, we have researched on "acoustic microbubble delivery", a method of manipulating microbubbles in blood vessel using ultrasound. When microbubbles or micro-particles are radiated with ultrasound, the acoustic radiation force or primary Bjerknes force is applied to the bubbles or particles in the direction of ultrasound propagation. In addition, microbubbles can be aggregated by mutual interaction among microbubbles, an interaction induced by the secondary Bjerknes forces. By aggregate formation, we previously confirmed that microbubbles can be efficiently induced in artificial blood vessel because the primary force depends on the size of microbubblesz6-9|.
To apply the technique in vivo, guidance provided by a navigation system to visualize the positions of bifurcations in blood vessel and sound field is required. Several navigation systems have been reported to serve as a guide during surgery ; for example, orthopedics surgery, endoscopic surgery, and interventional needle insertion for ablationz10, 11|. However, many of these systems require preoperative 3D volumes obtained from CT or MRI to visualize bones, organs, and tissues. While these volumes have high contrast and resolution, they are not only costly but also require intraoperative registration between the preoperative volume and the patient as well as compensation for deformation. As interventional procedures, 2D images by X-ray fluoroscope are used to monitor the process of needle insertion. However, guidance by 2D image is not intuitive and X-ray exposure of both surgeons and patients is inevitable. Recently, ultrasound imaging is also considered for intraoperative guidance. Ultrasound has less contrast and shorter depth than other modalities, but has shorter time lag and is more portable. Therefore, we previously reported a navigation system using augmented reality for acoustic microbubble deliveryz12|. We confirmed that microbubbles could be aggregated at a target position of an artificial blood vessel with guidance provided by the system. However, the system provided only the relative position of the B-scan plane and the focus of ultrasound, and the projected position of the focus on echogram. To realize acoustic microbubble delivery for therapy, 3D information, especially 3D blood vessel network structure, is required. A 3D navigation system using ultrasound is therefore needed for acoustic microbubble delivery.
In this study, we developed a novel navigation system for manipulating microbubbles in blood vessel. Moreover, we implemented an algorithm for detection of blood vessel bifurcations from 3D ultrasound volume in order to visualize the bifurcation positions as targets. The algorithm and microbubble induction were validated.
Materials and Methods

System description
To realize 3D ultrasound navigation for acoustic microbubble delivery, we developed a navigation system using 3D ultrasound imaging (Fig. 1) . The navigation system consists of a 3D echography (iU22, Phillips Inc.) with a 2D array phased 3D probe (x6-1), an optical tracking device (Polaris Spectra, NDI Inc.), ultrasound transducers for microbubble manipulation, and a Windows workstation for the navigation software (Windows 7, Microsoft Co. Inc.). The system can visualize the focal points and sound axes of multiple transducers for aggregate formation and induction.
The coordinate systems of the probe and the transducers to which trackers (four infrared reflective markers) were attached were integrated. Also, calibration between each device and the tracker is required. As for transducer calibration, sound axis directions and focal positions of respective transducers were calibrated by an in-house transducer calibration jigz12|.
As for ultrasound probe calibration, the fixed transformation between the coordinate systems of the attached tracker and the ultrasound volume was estimated. In this study, the method for a 2D probe was used z13|. To apply this method to a 3D probe, the sweeping angle was fixed at 0 degree during calibration. Then, the center of the slices of a volume can be determined. Therefore the coordinates of 3D ultrasound volume can be obtained by simple translation of the calibrated position in the slice direction (Fig. 2) .
The navigation software was developed using C++ language (Visual Studio 2012, Microsoft Co. Inc.) and the Visualization Toolkit (VTK5.10.0, Kitware Inc.). The software has the following features : coordinate system transformation, bifurcation detection of blood vessel volume, visualization of spatial objects such as ultrasound volumes, sound axis and focal area of each transducer and bifurcation points, and communication with the tracking device. The coordinate transformations are updated at 60 Hz, which is the frame rate of the tracking device.
For guidance of microbubble delivery, the system provides the relative transformation between a target bifurcation and the focal spot of a transducer (Fig. 3) . Let T  be a transformation matrix from any coordinate system 2 to any coordinate system 1, the transformation is expressed as :
( 1 ) where S, B, Tr, G, Pr, and Vol are the coordinate systems of a sound field, a bifurcation, a transducer, the global (the tracking device), the probe, and the volume, respectively. is obtained by the bifurcation detection algorithm described below.
As for bifurcation detection, centerlines of blood vessel were computed from power Doppler volume acquired by 3D thinning processing. The 3D thinning algorithm has been reported previously z14|. Then, a voxel connected with the other three voxels is labeled as a bifurcation.
Validations
3D probe calibration
For 3D probe calibration, a steel ball 10.0 mm in diameter was used as a fiducial marker. The transformation matrix between the coordinate systems of the probe and the volume was estimated using 50 point sets measured by both the tracking device and the echograph. To validate the accuracy of the transformation, another ball made of rubber was used to acquire the ball surface clearly. First, the rubber ball position was measured by the tracking device. Next, volumes of the ball were measured at eight different positions. From the volumes, the respective surfaces of the rubber ball were segmented, and the positions were estimated by a spherical fitting algorithm. Finally, the positions were transformed to the coordinate system G (tracking device) by the calibration matrix. The positions derived from both the tracking device and the echograph were compared.
Assessment of bifurcation detection
To validate the reproducibility of the bifurcation detection algorithm, relative positions of the bifurcations detected were evaluated by point-based registration technique (Fig. 4) . Twelve volumes of an artificial blood vessel made of poly(vinyl alcohol) were acquired under perfusion of Doppler test fluid, and bifurcations were detected by the bifurcation detection algorithm. Then, the bifurcations of the respective volumes were registered to the original bifurcation positions by point registration, and the registration error was computed.
Assessment of Navigation Accuracy
For the evaluation of navigation accuracy, a cylindrical projection 2.5 mm in diameter was used as a target. The target point was selected manually in the ultrasound volume, and the point was picked using a calibrated pointer tool of the tracking device under guidance of the navigation (Fig. 5) . Let Pointer be the coordinate system of the pointer,
Vol
TPointer be the transformation between the coordinate systems of the volume and the pointer via the calibration matrix and the optical trackers, and 
pointer ptarget was measured as the navigation error when the pointer was placed at the target. The measurement was repeated five times using different volumes.
To evaluate the orientation accuracy, the pointer orientation was measured by both the tracking device and ultrasound volume. In the volume, the needle was segmented manually, and the best fitting line was estimated by least square linear fitting. The tests were conducted 20 times.
Microbubble induction by the system
The final validation was the microbubble induction test under guidance of the navigation system. Microbubble induction rate was compared with the optimal result using jigs as reported previouslyz7, 8|. In this test, two ultrasound transducers were used ; one was for aggregate formation (Tu), and the other was for induction of aggregated microbubbles (Tb). Through aggregate formation by the transducer Tu, higher induction rate is achieved because of more effective primary Bjerknes force generated by the transducer Tb. A Y-shape poly(ethylene glycol) (PEG) vessel and a suspension of microcapsules (F-04E, Matsumoto Oil) were prepared. As shown in Fig. 6 , optical image of the bifurcation and the observation area were respectively recorded by an optical microscope (KH-7700, Omron) and an inverted microscope (DMRIB, Leica) with a highspeed camera (EX-F1, Casio) ; the former was for observation of microbubble behavior and the latter for calculation of microbubble induction rate. According to a previous report z8|, both paths were extended using semitransparent tubes. Both tubes could be observed within a single view of the inverted microscope. Also, microbubble induction indexes (％) of both paths were computed from the average brightness values of both paths in the regions of interest (ROI) using the following formulaz7| :
where IA0 and IB0 are the average initial brightness without microbubbles in ROI A and B, respectively, to cancel the effect of background ; and IA and IB are the average brightness with microbubbles in the respective ROIs. We previously confirmed that the induction index reflects the relative ratio of microbubbles passing through ROI B to total microbubbles.
Results
For 3D probe calibration, the time required for calibration was approximately 30 min, which included collecting 50 point sets and computing a calibration matrix. As for the calibration accuracy tested using the rubber ball, the error of the ball position was 1.40±0.36 mm (n=8), where the ground truth was measured by the tracking device.
As for bifurcation detection, the registration results of the volumes are shown in Fig. 7 . The registration error was 0.23±0.11 mm.
For the evaluation of navigation accuracy, The error between the target and the pointed position was 0.93±0.09 mm. As for the orientation accuracy, a sample of the acquired volume and the segmented surface is shown in Fig. 9 . Mean error±standard deviation of 20 trials was 1.12±0.52 degree. Finally, the results of microbubble induction under guidance of the navigation system are given below. The transducers were guided by the navigation system (Fig. 10) . When ultrasound was generated from both transducers, microbubble aggregation was observed, and the microbubbles entered the induced path B rather than path A (Fig. 11) . The induction rate using the navigation was 24.6±2.5％. On the other hand, the induction rate at optimal positioning by the jig was reported to be within 22.9±2.3％, as shown in Fig. 12 . No significant difference was observed between the navigation and the jig.
Discussion
In this study, a navigation system using 3D ultrasound was developed and validated with the objective to apply acoustic microbubble delivery in vivo. The navigation provides intuitive 3D information in nearly real-time 3D. To validate the feasibility of the navigation, we evaluated the accuracy of the 3D probe calibration, the reproducibility of the bifurcation detection algorithm, the accuracy of the navigation, and the basic performance of the transducer positioning by the microbubble manipulation test.
As for the 3D probe calibration, the accuracy was 1.40 mm. The error includes the tracking error and the imaging error of the echograph. We calibrated in 40°C degassed hot water, thus the error derived from sound Shinya ONOGI, et al : 3D US Navigation System for Microbubble Delivery Therapy velocity was minimized. Also, the nominal error of the tracking device was 0.30 mm in root mean square. Therefore, the major error should be derived from the imaging resolution, especially the slice thickness. To improve the accuracy, a method of volume-based calibration would be effective, such as calibration using an orthogonal wired phantomz15|. As for the bifurcation detection algorithm, we confirmed that the detected bifurcation positions did not depend on probe position and were reproducible. However, the algorithm performance has to be validated using more complicated blood vessels with various diameters, curvatures, and morphologies. In the future, we plan to develop an algorithm for detecting error pattern based on anatomical information such as covering deficits, and eliminating error connections such as a loop.
For the validation of navigation accuracy, the pointing error was 0.93 mm and 1.12 degree. The error includes the tracking error, calibration error, and pointing error. Segmentation error is also included in the orientation accuracy. The reason that the pointing error was smaller than the calibration error is that the cylindrical projection volumes were acquired around the center of the volume because complete lateral surfaces of the projection were required. Meanwhile, the ultrasound beam width is 2 mm to 5 mm in diameter. Microbubbles can be manipulated when a target vessel is covered by the beam, therefore the required accuracy would be 1 to 2 mm. As for the required orientation accuracy, this error affects the induction efficiency because acoustic radiation force is reduced by cos Δθ, where Δθ is orientation error. Even if orientation error is 8 degree, the acoustic radiation force is reduced by 1％ (cos 8°=0.99). On the other hand, a therapeutic target should be acquired around the center of the volume for imaging accuracy in the clinical setting, thus the navigation accuracy reflects the actual accuracy in clinical situation.
In the microbubble manipulation test, the transducers were positioned to the target positions under guidance of the navigation system. Also, microbubble behaviors including movement to propel around the target positions and aggregate formation were observed. The induction index was not significantly different between the jig and the navigation. Therefore, the navigation accuracy is sufficient for microbubble manipulation in 2.0-mm blood vessels.
Our approach is not yet ready to be applied to in vivo use. One of the issues is the unstable movements caused by heartbeat, breathing, and body movements. To address this problem, we are considering two approaches ; one is update of target positions by continuous volume acquisition, and the other is robotic transducer positioning for the real-time targets. As for the robotic solution, we have developed a parallel link robot for this purposez16|. While two transducers (Tu, Tb) were used in the present study, more transducers are required to manipulate microbubbles in multiple bifurcations. Therefore, we have developed a 2D array transducer, which can generate 3D sound field distributionz17|. In the future, these systems will be integrated to realize microbubble delivery therapy. Another issue is that the imaging probe and ultrasound transducers have to be in contact with the patientʼ s surface. Therefore, we are in the process of developing force and visual feedback control by a robot to automatically maintain appropriate contact condition. Finally, navigation error will increase in vivo because of inhomogeneous structures. An echograph constructs image or volume based on predicted average sound velocity in the body. Therefore, the difference between the average and actual velocities results in image distortion. However, like ultrasound for imaging, ultrasound for therapy is also distorted. Therefore, the effect of the imaging error would be small for ultrasound therapy with ultrasound navigation. This cancellation effect occurs because ultrasonic therapy is conducted under ultrasound guidance.
Conclusion
This report presents a novel 3D navigation system to realize image guidance for acoustic microbubble delivery therapy. The system is capable of detecting bifurcation positions, visualizing the 3D blood vessel network, and Advanced Biomedical Engineering. Vol. 3, 2014. guiding transducers to the target bifurcation. Also, we have confirmed that microbubbles can be manipulated by the system as efficiently as the jig. These results suggest that the system has the potential to be applied to the clinical setting.
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